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Abstract

The present study is aimed at investigating thedrimrtion of two biologically important cations,
Mg®* and Sf, when substituted into the structure of hydroxypdCao(PQy)s(OH),, HA). The
substituted samples were synthesized by an aqueeaipitation method that involved the addition
of Mg**- and Sf*-containing precursors to partially replaceOans in the apatite structure. Eight
substituted HA samples with different concentragiof single (only M§") or combined (M§" and
Sr*") substitution of cations have been investigatetithr results compared with those of pure HA.
The obtained materials were characterized by XPawder Diffraction, Specific Surface Area and
Porosity Measurements {MNadsorption at 77K), FT-IR and Raman spectroscogies Scanning
Electron Microscopy (SEM). The results indicatet titie co-substitution gives rise to the formation
of HA andB-TCP structure types, with a variation of theirl gerameters and of the crystallinity
degree of HA with varying levels of substitutionn Avaluation of the amount of substituents
allows us to design and prepare BCP composite raktevith a desired HA(TCP ratio.



1. Introduction

Hydroxyapatite (Ca(POy)s(OH)2 HA) [1] is widely used in production of osteocontdue ceramic
materials for orthopedic and dental application8]an order to improve some features of the
apatitic bone substitutes, such as osteointegrat@chanical properties and implantation efficacy,
HA ceramics can be doped with small amounts of tbasare found in natural bone mineral.[9-13]
Many studies have focused on the effect of simghécisubstitutions in the HA structure which have
proven to be easier in terms of synthesis andtstralccharacterization.[9, 14-16] From a materials
science viewpoint, the structural characterizatdrionic substituted HA is essential, given the
trace levels of ionic substitutions found both atural bone and tooth mineral. There are a general
lack of studies that investigate coupled ionic sitdtsons in the HA structure. Co-substituting two
different ions, by balancing contrasting ionic radnd/or valence, offers the possibility of
substituting ions that are difficult to substitalene, such as magnesium ions,[17] or of substguti
a greater level of an ionic substituent, such lasage ions.[18]

The present study is an attempt to develop a cduphéc substitution HA involving two important
trace elements, namely magnesium {flgnd strontium (S¥).

Magnesium is a fundamental element and preventsilpesrisk factors for osteoporosis in
humans.[1] Magnesium also has its own significand@e calcification process, bone fragility and
an indirect influence on mineral metabolism.[16, 29]

Strontium is considered as a bone-seeking elentait gresents a beneficial effect on bone
growth.[21] Its ability to decrease bone resorptm to enhance bone formatimnvivo has also
been proved.[22, 23]

Although several articles have already been pubtisbn the chemico-physical properties of
apatites and substituted apatites, only a few wanke devoted to careful investigation of g
doped HA [10, 14, 24-26] and no paper reports thdysof co-substitution of &t- and Md* in
HA. The paper oKannan et a[19] recently reported the synthesis and structchalracterization

of SF*- and Md*-co-substitutedB-tricalcium phosphatep{Ca;(PQs),, p-TCP). Considering the
importance of Sr and Mg as essential elementsgepert here the synthesis and characterization of
Sr#*- and Md*-co-substitution in HA.

The synthesis of substituted hydroxyapatite capdy&rmed either by a solid state route or by an
agueous precipitation method; in this paper, aneaas precipitation route to form both Mg-
substituted HA and & and Md'-co-substituted HA is reported. This method is Hasa the
addition of Mg* and Sf* containing precursors to partially replace’Cia the HA composition.
Eight HA derived samples with different concentvas of single or combined substituting elements



were prepared in the present investigation andstral information on the influence of these ions
on co-substituted HA was gained using differentegxpental techniques.



2. Materials and Methods

2.1 Synthesis

Non-substituted and substituted hydroxyapatiteewweepared by aqueous precipitation.

To synthesize 0.01 mol of hydroxyapatite, 0.10 wfotalcium hydroxide (Ca(OH) Sigma) and
0.06 mol of phosphoric acid ¢RAO,, Sigma) were combined in a 10:6 molar ratio. Qadci
hydroxide was stirred magnetically in 200 mL oftdlsd water for 20 min until a homogeneous
suspension was obtained. Phosphoric acid (diluted 200 mL of distilled water) was added
dropwise to this solution over 45 min, with contimg stirring, with the pH maintained above 10.5
by addition of ammonia solution, as necessary. Sdletion was stirred for a further 2 h, and then
allowed to stand overnight, after which the produas filtered under suction and dried in ambient
conditions. All the reaction steps were carriedatubom temperature (RT).

Magnesium-substituted hydroxyapatites were prepdrgdan analogous method, but with a
reduction of the amount of €aand an addition of an equimolar amount of?Mip the form of
magnesium chloride hexahydrate (Mg8H,O, Sigma).

Similarly for S#*- and Md*-co-substituted hydroxyapatites, the amount of ®@as reduced with
addition of an equimolar amount of bivalent cationghe form of strontium nitrate (Sr(N3,
Sigma) and MgGI6H0.

Landi et al. reported the effectiveness of Mg@k a reactant in the synthesis by aqueous
precipitation of biomimetic Mg-substituted hydroyydite, and did not indicate any unwanted co-
substitution of the product MgHA structure by cldierions. These results supported our choice of
MgCl, over MgNQ as the M§" source in our synthesis method. [27].

As in the preparation of pure hydroxyapatite, thévas continuously monitored throughout the
synthesis.

For all compositions the design composition wa€a&HX)/P molar ratio of 1.667, where X = Mg +
Sr.

Desired compositions of the synthesized samplesnamldr concentrations of reactants used are
given inTable 1.

The powders were heated in a high temperature ¢ar(@arbolite). Samples were heated from 200
to 1100°C at 10°C/min, holding at 1100°C for 16 tspdollowed by cooling the products from
1100 to 200°C at 10°C/min and then air-coolingdom temperature.

2.2 Methods



All analysis was performed on samples (in the powidem) heated at 110G, unless otherwise

stated.

2.2.1 X-ray Powder Diffraction (XRPDXRPD analysis was performed on powder samples wsing
Bragg-Brentano diffractometer (PANalytical X'PentoR Ni-filtered Cu ki source), a 3-110°62
range and a counting time of 50s for each 0.08°s(2p). Diffraction patterns were compared to
ICDD database PDF patterns [28]Caio(POs)s(OH)2 (HA, JCPDS n° 09-432) arfiiCas(POu)2 (B-
TCP, JCPDS n° 09-0169).

The degree of crystallinity of the HA phase, copawling to the fraction of crystalline phas@)(
in the HA powders, was evaluated by the followingation (1) [29]

~1 VllZ 300
X. =1 —I 1)
300

wherelzggis the intensity of (3000kl reflection andvi14300iS the background intensity of the space
between (112hkl and (300hkl reflections.

Rietveld refinements were performed with GSAS [808 EXPGUI programs [31]. Initial atomic
coordinates and unit cell dimensions were takemfpreviously published data; the structural
models are from the ICSD database: card numberg0@2®r HA and 6191 fop-Ca(POy)2.[32,

33] Parameters varied in the refinement were at@odcdinates (x, y and z), unit cell parameters (
andc), displacement parameters (Uiso), peak intensigirsy and peak profile parameters related
to particle size.

2.2.2 Scanning electron microscopy - Energy disperspectroscopy (SEM/EDShe composition

of synthesized materials was determined by meanSEM (FEI Quanta 200, FEI Company),
equipped with an EDS instrument (INCA 350, Oxforgtiuments). For each composition, three
different samples were analyzed, and the EDS asalyas performed over 20 different sample

areas ¢ = 0.5%). Results were validated by comparison watkrence standards.

2.2.3 Specific surface area (SSA) and porosity oreasents:SSA of unheated powders was
evaluated using a Micromeritics ASAP 2020 porosendby adsorption of an inert gas,{Nt 77

K. Before measurements, all samples were activistechcuo (residual pressure < F0Torr) at
room temperature for 12 h in order to remove ploybisd atmospheric contaminants. For SSA
determination, data were analyzed with the BET rhoflee accuracy of the conventional BET
method/model for SSA determination is known to bltively low (5% divergence from the
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actual area), even if the instrumental accuracy r@pdoducibility of data obtained with modern
automatic gas-volumetric instrumentation is quitghi(0.2%). The BJH (Barrett-Joyner-Halenda)
model was used to analyze mesopores, and thett{glatistical thickness) method was employed

to evaluate the presence of micropores.[34]

2.2.4 Raman spectroscopyRaman spectra were recorded using a Renishaw ifRéman
Microscope spectrometer. A diode laser emitting8& nm was used, which had an output power of
65mW at the sample. Photons scattered by the sangyke dispersed by a 1200 lines/mm grating
monochromator, and simultaneously collected on ® €@mera; the collection optic was set at 20
d ULWD objective (5um diameter laser spot). The spectra collectionpsetuen acquisitions, each

taking 10 s, was adopted.

2.2.5 Attenuated Total Reflectance (ATR) spectmsd® spectra were recorded on a Nicolet 5700
FTIR spectrometer, equipped with a Smart Orbit diach attenuated total reflectan¢ATR)
accessory and a DTGS detector; the spectral résolwis 4 crit and the number of scans for each

spectrum was 128.



3. Results and Discussion

3.1 X-Ray Powder Diffractiolhe results derived from the collected diffractmatterns and from
Rietveld refinements of these data are reportetlainle 2, diffraction patterns of all samples are
reported inFigure 1 and in particular, some representative patterrsvsty more detail are
reported inFigure 2.

In the case of the G&PO,)s(OH), and Ca Mgo.1(POy)s(OH), samples, peak positions and relative
intensities correspond very well to those of th® BCPDF pattern for stoichiometric HA. A slight
reduction of peak intensity counts for RMeontaining apatite is in agreement with a similar
behaviour of the crystallinity (96 and 94% for 1gkBROy)s(OH), and Cg.gMgo.1(POy)s(OH),,
respectively); however, the small molar amount (@dl) of Mg does not influence significantly
the cell parameter values. At increasing amount8lgf’ (0.5 and 1 mol), in addition to the peaks
of an HA phase, other peaks were identified thakvebaracteristic of BTCP phase.

Counts of the peak intensities related tofRECP structure type increased with the content gf'M
and at the same time the quantity of the HA phasentshed, as confirmed from the changing ratio
between the phases HA apd CP; the HAB-TCP ratio varied from ~3 (approximately 75/25%) to
~1 (approximately 50/50%), respectively for 0.5 dnol of Mdf™.

A reduction in the crystallinity degree of the HAgse was also observed at the highest amount of
Mg**: 89% for CaMg:1(PQOs)s(OH), compared to 96% for pure G&POs)s(OH),.

The smaller dimension of M§ (72 pm) compared to €a(100 pm) also influences the cell
parameters in terms of a contraction of their vgildleis was especially evident in thd CP phase,
with a reduction of botla andc axes. These results are in agreement with thedeelhmented
behaviour of M§" towards apatites [35]; the presence ofMsgrongly influences the crystallinity,
morphology, crystal size and thermal stability oA Hand also favours the formation and
stabilization off-TCP. However, in the present study the unit cellehsions of the HA phase do
not show a significant reduction with increasing Blgpbstitution, as observed in other studies of
non-heated Mg-substituted apatites.[18, 36] .

In relation to S¥- and Md"-co-substitution, in all cases it is possible toognize characteristic
peaks of HA andB-TCP phases; the combined effect of ¥@nd Sf* ions influences the
crystallinity degree of HA, the HA/TCP ratio, and the cell parameters. In particuibinve
compare the results at a fixed ZCamount, starting with the @dgo.1Sr.o(POs)s(OH), and
CaMgo sSh.s(POy)s(OH), samples, the higher amount of Mgand correspondingly the lower
amount of St decreases the crystallinity degree of the HA plfiieen 91% to 80%, respectively)

and increases the HRJTCP ratio (from approximately 81 to 94%, respesliy.



In the first sample (G&go.1Sh.o(POy)s(OH),), looking at the cell parameter values, it is assd
that the higher amount of Brinfluences the HA structure in particular, with @xpansion of cell
parameters, especially evident for thaxis, from 9.501 A compared to 9.424 A for pure;HiAis

is consistent with the slightly larger ionic radio§ SF* compared to Ca (118 and 100 pm,
respectively). Moreover, M§ may be more associated with thfCP phase, as indicated by a
decrease of its cell parameteasandc axes being 10.377A and 37.167A, respectively, @egpto
10.429A and 37.380 A for puRTCP. In the second sample ¢®Hyo5Srh.5(POy)s(OH).), a higher
amount of M@" also influences the HA structure in terms of caction of cell parameters
compared to the previous values (especially evitterthea axis, 9.463A compared to the previous
9.501A) and, opposite to the behaviour of‘Sreduces the crystallinity degree of HA (80%);
however, the effect of $ragain cannot be neglected, with both HA #BCP phases showing

increased values of the cell parameters.

For CaMgo 1S o POs)s(OH)2, CaMgo sSt: s(PQs)s(OH), and CaMgiSr(POs)s(OH),, a higher St
amount influences both HA an@-TCP structures with an expansion of cell paranseter
Specifically, this is evident when looking at thexes of both phases, namely 9.493A compared to
9.424A for pure HA and 10.495 A compared to 10.428Apurep-TCP. In the case of equimolar
amounts of S and Md" and consequently My at its highest value, the-TCP structure is
especially influenced, with a greater contractibrhe cell parameters with respect to the previous
values §=10.409A). An increase of M§also gives rise to a reduction in the degree ystailinity

of HA (80%, 73% and 68% respectively for the abawentioned samples) and a decrease of the
HA/B-TCP ratio.

The co-substitution of &f did have a stabilising effect for the Rgsubstitution level of 0.5 mol;
without SF* substitution, the composition &g s(POs)s(OH), contained approximately 26%
TCP whereas GWgo sSlh.s5(POy)s(OH), composition contained only ~6%-TCP (XRD patterns
shown inFigure 1,2). For these two compositions, which have the stawvel of Mg®* substitution,
the unit cell parameters of both phases showedaeadse when Srwas co-substituted. These co-
substitution levels may correspond to values tmatcose to optimum for enabling appreciable
Mg®* substitution in the HA phase without the formatidB-TCP as a second phase. For the other
two cases where the level of Kigubstitution can be considered as being consgithef 0.1 or 1
mol), and considering the phase compositions witvithout Sf* co-substitution, there is either a
destabilising effect of co-substitution (in the eax 0.1 mol M§" substitution) or little effect (in
the case of 1 mol Mg substitution); for all these cases the degreeystallinity of the HA phase

decreases with Sico-substitution.
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These results indicate that Kigand Sf*, when simultaneously present, interact with both ahd

B-TCP phases in terms of variation of cell paranseterd the degree of crystallinity of the HA
phase; the previous careful evaluation of the cbfie molar ratios of the cations would allow
biphasic materials with selected ratios of HA ghdCP and also with controlled crystallinity

degrees of HA to be obtained.

3.2 ESEM/EDSIn Figure 3, areas of the investigated samples are shown. Ircades the
morphology is quite irregular in term of dimensig@s40 um) and shape (generally, rectangular
and very sharp). The samples with a lower degresystallinity of HA showed more irregularities
in the shape and outlines of the aggregates. Timpasitions determined by semi-quantitative EDS
analysis, performed by an accurate evaluation @erént areas, indicate a non-homogeneous
distribution of the elements that is consistentwtite presence of two phases with HA $ATCP
structure and substituted with Rfgor with Mgf* and SF* simultaneously. However, it is possible to
identify, always from a semi-quantitative approasdme areas with molar ratios similar to those of
the nominal compositions given ifable 1 The experimental EDS molar ratios showed a good
correspondence to their theoretical values in socases. The formation of solid solutions with the
nominal compositions ofable 1 cannot be excluded; unfortunately the simultangmesence of
several phases inhibits a correct and unambiguimrgification of them. There was no evidence of

the presence of chlorine in the analyzed samples.

3.3 Specific surface area (SSA) and porosity d&®8A and porosity data for all synthesized
samples (prior to heating at 1£@) are reported iMable 3. The specific surface areas of all
materials are in the range between 70-13fnThe synthesis by an aqueous precipitation netho
gives rise to materials with a high SSA; SSA valokthe Mg-substituted materials are higher with
respect to those of pure HA, and increase withatheunt of M§". Measured mesopore volumes
and areas were negligible for all materials andnatereported. All the studied materials showed a
small amount of microporosity (see micropore arata deported imable 3, third column). In the
Mg?*-only substituted HA there is a slight decreasth@micropore area values (not related to the

Mg®* content) in comparison with the pure HA.

Concerning the co-substitution, SSA values aredrighith respect to the pure HA and there is a
double effect: on one hand, the presence of'Mguses an increase of SSA with respect to HA, and

on the other hand, Sris responsible for a SSA decrease. The lattebeanbserved in both series
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with a constant M@ content but varying Gaand Sf* contents, and in the series with a fixed'Ca
content and varying M3 and Sf* contents. Comparing CgMgo 1St o(POy)s(OH), and
CaMgo sSt 5(POy)s(OH), samples with the same €aontent, it is possible to single out that with
an increase in Mg content and a decrease irf'Sontent the SSA becomes greafetamining the
CaMgo.1Sh o(POy)s(OH)2, CaMgosSr.5(POs)e(OH), and CaMg1Sr(POy)e(OH), samplesat fixed

Ca amount, with the increase of #Magnd the reduction of Srcontent there is also an increase of
SSA. The microporosity decreases in all samplek vaspect to HA but without a specific trend;
due to the low amount of micropores in all the mate the changes in the microporosity are not

significant.

Generally, a decrease of the BAVCP ratio (see XRPD data) shows some correlatigh &an
increase in SSA. This is the first paper in which influence on the SSA data of ions co-substituted

in the HA structure is evaluated and reported.

3.4 Raman spectroscopi Figure 4, Section A,Raman spectra collected from Mg-substituted
samples, with comparison to non-substituted samplesreported. In all the spectra it is possible t
single out the presence of an intense band at ~c8iboriginating from symmetric stretching
vibrations of O-P-O bonds. Additionally, bands @96 cm' (v»), 534 cni (v.), and 1000 ci (v3)
correspond to characteristic vibrations of,2@roups in HA.[37, 38] The band at about 1030'cm
can be assigned to GOstretching vibration modesj in ap-type carbonate apatite.[39] Trable

4 the main Raman band positions and assignmentgdobkyapatite are reported. In the case of the
compositions modified with only Mg ions it is possible to single out that the intéasiof the full
width at half maximum (FWHM) of the characterisiiands for HA at 910 cthchange. As the
amount of M§" increases (compare spectra of Pgo s(POs)s(OH), and CaMg:(POs)s(OH), with

the reference spectra @fTCP andB-TCP) more evidence is provided of the formatioraof CP
phase with the appearance of a shoulder in the loaated at ~924 cth

Moreover, in order to better clarify the formatioha TCP phase, spectral deconvolutions in the
spectral range between 940-880 care reported iffigure 4, Section B.Inspection of this figure
shows that in the case of &Mgos(POy)s(OH), and CaMgi:(POy)s(OH), the presence of two
components (909 and 924 ¢jrin the band centred at 910 ¢ris clearly evident. This proves that
the bands of the phosphate ions derive from ardifteapatite structure and are characteristic of a
tricalcium phosphate structure, which also gives tb a loss of crystallinity; the component at 924

cm? is typical of theB-TCP phase.
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In Figure 5, Section Athe Raman spectra obtained from the co-substisdetples are shown. All
spectra presented the main bands typical of anitapstructure described above. With the
introduction of ST into the HA structure a shift of the main phosph&iand toward low
wavenumber (910@s 906 cn) was clearly evident (sefigure 5 Section B; this has previously
been reported for the substitution of 'Salone in HA byO'Donnellet al[39]. This shift could be
used to determine the change iA*$n apatite compositions fam vitro andin vivo studies.[39] The
CasMgo.1Sr.o(POy)s(OH), composition, which is the sample with the highest Sontent studied
here, shows the greatest shift of the main phospbatd; moreover, comparing the samples with
the same CA content (Spectrum (bys Spectrum (c)) and Spectrum (d$ Spectrum (elvs
Spectrum (f)), the increase of the amount offMgsults in a broadening of the phosphate band.
This feature is an index of a less crystalline sangmd confirmed that the introduction of #g
gives rise to the conversion to a TCP phase (seetrspinFigure 4 carried out on the Mg
substituted samples).

The stabilising effect on the HA phase of co-substin of SF* (for a Md* substitution level of 0.5
mol) as observed by comparison of the BAICP content inTable 1, was also evident from the
corresponding Raman spectra; comparing spectra @b sMfos(POy)s(OH), and of
CaMgosSrh.s(POy)s(OH),, (seeFigures 4B and 5B)shows,in the first casea more pronounced
shoulder at 924 cthwith respect to that of co-substituted sample,cvhshowed only a small
shoulder at 920 cih

The formation of a TCP phase in the co-substits#@aiples is less evident (Spectra (c) and (f ),
Figure 5, Section B than in the M§'-substituted samples (Spectra (c) and Eijure 4, Section

B), but nevertheless@TCP phase is present in the co-substituted samples

3.5 ATR spectroscopin Figure 6 the ATR spectra for GgPOy)s(OH), and Mg-substituted HA
are reported. In the G#POy)s(OH), spectrum Figure 6 Section A) the intense bands originating
from vibrations of PG’ groups are seen. The most intense bands are h@9D045 crit, assigned

to triply degenerate antisymmetric vibrations) (of P-O bonds. Other bands at 628, 602 and 563
cm™ are due to triply degenerate bending vibration} ¢f O-P-O groups, typically well defined
and sharp in the spectrum of a pure HA; the 963 component is assigned to non-degenerate
symmetric vibrationsvg) of P-O bonds. The splitting of the vibrational band indicates the low
site symmetry of the molecules, as three obserauld confirm the presence of more than one
distinctive site for phosphate groups. Analysigha spectra corresponding to the samples doped
with Mg?* showed a decrease in the intensity with the irs@ezf Mgd* content, of the 1090, 953
and 628 crit bands. Thes, band changed from three peaks to two peaks inahmle with the
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highest Mg content; these spectral changes caeldied to a decrease in the relative amount of HA
phase as moig TCP forms.

Moreover, in the case of the sample with the highgg" content, a band of low intensity at 1120
cm™* appears.

In Figure 6, Section Bthe spectral deconvolutions in the spectral raxfd#50-525 crit carried out
on Cag(POy)s(OH), and CaMgi(POy)s(OH), are reported; in the presence of #dwo other
components appear at 572 and 545'cthat are also evident in the deconvolutions edrgut on
the reference systeMTCP. So, in agreement with previous results, tiesgnce of Mg in the HA
structure causes the formation @3- CP phase in addition to HA.

ATR spectra for Ca(P0Oy)s(OH), and of co-substituted samples are showrigire 7.

In all samples, it is possible to single out thanmaands typical of HA structure. It is possible to
notice that the presence of both*'Sand MJ* causes a decrease of sample crystallinity; the
phosphate bands appear broad and not well res(deedin detail the bands at 1090 and 628)cm
In Figure 7 Section Bthe spectral deconvolutions in the spectral rasfgg50-525 crit carried out
on samples Ga(POy)s(OH),, CayMgo sSih s(POy)s(OH), and CaMg1Sr(POy)s(OH), are reported; in
the presence of M§ and Sf' the band located at 628 ¢ndisappears whereas two other
components at 570 and 545 trare observed. These two components are also évidehe
deconvolutions carried out on the reference sy$arGP.

These sentences are in agreement with resultsnebtdiom XRD analysis: the presence ofig
and Sf'in the HA structure cause the formation of a TGRse in addition to HA phase and a
decrease of the sample crystallinity.

To summarize the ATR resulfBable 5reports the changes occurring in the phosphatdsbiarthe
Mg?*-HA and Md*-S** HA substituted samples. The presence or abserar®ted byv or x,
respectively) of the different phosphate groupsclpof HA and TCP phases are reported.

With the introduction of only Mg, the band at 953 chcharacteristic of the; phosphate
vibrational mode becomes broader even at the loigst content; the pur@-TCP sample shows
the same behaviour. Moreover, changes invinghosphate vibrational modes are detectable at the
highest Mg" content. Concerning the co-substituted HA, intledl samples it is evident that the
band changes from three peaks to two peaks. MorgbeeOH stretching band located at ~ 3570
cm* (spectral region not shown for the sake of bréwdgcreases with increasing substitution.
Concerning thevs PO;* bands in the samples with the higher %Mgcontent {e.
CaMg1Sh(POy)s(OH),, CaMgosShs(PQ)s(OH),, and CaMgi(POy)s(OH),) the 1090 crit
component becomes broad according to the spee@alires of TCP; this is further evidence of

TCP formation in the presence of increasing amoohksg®".
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Data derived from FT-IR spectra were found to bescdent with Raman data; clearly, some of the
changes in the FTIR and Raman spectra correspotigetadentified phases and their structural

transformation observed by XRPD.

The combined use of XRPD, FTIR and Raman spectpiss@rovides complementary data and
indicates clearly phase formation and transfornmagéie well as related structural changes resulting
from the ions substituted in the HA structure. @ata suggests that the substitution of and
Mg?* ions into synthetic HA modifies some propertiedidf (i.e. degree of crystallinity), and a co-
substitution of 0.5 mol of both Mg and Sr ¢y, sSio 5(POy)s(OH),) appears to stabilize the HA
phase compared to a Mg-only substituted HA comagii®i.5 mol Mg (CasMgo.s(POy)s(OH).).

Synthetic bone graft materials are an alternativautologous bone, and currently hydroxyapatite-
based ceramics represent the first choice in odbdie surgery, because they provide an
osteoconductive scaffold to which mesenchymal steits can migrate and adhere, and can
differentiate into functional osteoblasts.[40] Basic HAB-TCP composite ceramics are widely
used because of their biodegradable, biocompatérid, osteoconductive characteristics.[41, 42]
The mixtures of these two phases, also known dsabip calcium phosphates (BCPs), are usually
favoured for clinical applications because thesorption rate can be tuned to match the bone
healing rate allowing to obtain a suitable balarmetween implant degradation and bone
regeneration.[43] A recent study has also shownhB# scaffolds can demonstrate osteoinductive
properties.[44]

In the present study, starting from a pure HA makeand then systematically substituting either
Mg** alone or M§" and Sf* together in the structure we obtained BCP comeasiterials with a
variable HAB-TCP ratio.

In order to evaluate the behaviour towards ostebtdad osteoclast cells, biocompatibility and
cytotoxicity studies will be carried out. The effemf both chemical composition and different
HA/B-TCP phase ratios on cell behaviour requires etialuausing Mg and Sr-free HB/TCP
compositions with matching relative ratios of th@tphases as controls. Based on these regults,
vivo experiments will be performed in order to evaluade¢h the influence of the different phases

(HA and/orp-TCP) and the effects of the element concentrations
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4. Conclusions

Magnesium ions are known to destabilise the HAcstme, whereas strontium ions are known to
substitute readily into the HA structure, retainangingle HA phase when heated to form a ceramic.
In this study, a multi-technique approach was @&gpblio HA derived samples and was used to
investigate the effect of magnesium and strontiwrswubstitution in the HA structure and to
identify clearly phase transformation and strudtahanges.

In all substituted samples, except that with theest amount of magnesium, formation of two
phases with HA anfl-TCP structure types was observed; the effectaetations are correlated to
the variation of cell parameters of both structysegpansion or contraction if the prevalent efisct
due to strontium or magnesium, respectively). O#ffacts include the decrease of the crystallinity

degree of HA and changing amounts of HA 8AOCP phases.

Starting from a pure HA material, with systematith&titutions we obtained BCP composite
materials with variable HAfTCP ratios. By co-substitution at equimolar amsuat a level of 0.5
mol) a BCP composition rich in the HA phase waswi#d, whereas when only 0.5 mol of Mg was

substituted (Sr free), the composition containgdicantly more-TCP phase.

Thus, prior choice of different molar ratios of thabstituent cations allows us to design and obtain
substituted materials with selected ratios of HAD dATCP and also controlled degrees of

crystallinity of HA.

16



Acknowledgements

This work was financially supported by the Italidinistry MUR (Project COFIN-2006, Prot.

2006032335_004: “Interface phenomena in silica-dbas@nostructured biocompatible materials
contacted with biological systems”), by Regione nkbate Italy (Project CIPE-2004:

“Nanotechnologies and Nanosciences. Nanostructunaterials biocompatible for biomedical
applications”) and by San Paolo company Project ®RTO11RRT5, whose contribution is
gratefully acknowledged.

V.A. kindly acknowledges Regione Piemonte, Italygr fa postdoctoral fellowship. FEI

acknowledges ERASMUS programme for financial suppghrring her research study at the

University of Torino.

17



8. References

[1] Qi G, Zhang S, Khor KA, Lye SW, Zeng X, Weng WMu C, Venkatraman SS, Ma LL.
Osteoblastic cell response on magnesium-incorpbradgatite coatings. Appl Surf Sci
2008;255:304-7.

[2] LeGeros RZ. Hydroxyapatite and Related MatsrfaRC Press, Boca Raton, 1994.
[3] LeGeros RZ. Calcium Phosphates in Oral Biolagg Medicine: Karger, Basel, 1991.

[4] Hong Y, Fan H, Li B, Guo B, Liu M, Zhang X. Fagation, biological effects, and medical
applications of calcium phosphate nanoceramicseMati Eng Reports 2010;70:225-42.

[5] Padilla S, Izquierdo-Barba |, Vallet-Regi M. dti Specific Surface Area in Nanometric
Carbonated Hydroxyapatite. Chem Mater 2008;20:5942-

[6] Sanchez-Salcedo S, Balas F, Izquierdo-Barballet-Regi M. In vitro structural changes in
porous HA/beta-TCP scaffolds in simulated bodydfluicta Biomaterialia 2009;5:2738-51.

[7] Zhou H, Lee J. Nanoscale Hydroxyapatite pagicfor bone tissue engineering. Acta
Biomater. 2011;7:2769-81.

[8] Carrodeguas RG, De Aza S. alpha-Tricalcium phate: Synthesis, properties and
biomedical applications. Acta Biomater. 2011;7:3386

[9] de Lima IR, Alves GG, Soriano CA, Campaneli APasparoto TH, Ramos Junior ES, de
Sena LA, Rossi AM, Granjeiro JM. Understanding timpact of divalent cation substitution on
Hydroxyapatite: An in vitro multiparametric study diocompatibility. J Biomed Mater Res A
2011;98A:351-8.

[10] Ergun C, Webster TJ, Bizios R, Doremus RH. ibyglapatite with substituted magnesium,
zinc, cadmium, and yttrium. I. Structure and mitnaesture. J Biomed Mater Res 2002;59:305-11.

[11] Lim PN, Tay BY, Chan CM, Thian ES. Synthesisdacharacterization of silver/silicon-
cosubstituted nanoHydroxyapatite. J Biomed Maters RBart B-Applied Biomaterials
2012;100B:285-91.

[12] Boanini E, Gazzano M, Bigi A. lonic substitois in calcium phosphates synthesized at low
temperature. Acta Biomater. 2010;6:1882-94.

[13] Manzano M, Lozano D, Arcos D, Portal-NunezL8pez la Orden C, Esbrit P, Vallet-Reqi
M. Comparison of the osteoblastic activity confdrren Si-doped Hydroxyapatite scaffolds by
different osteostatin coatings. Acta Biomater. 2@13555-62.

[14] Bertinetti L, Drouet C, Combes C, Rey C, TaampiA, Coluccia S, Martra G. Surface
Characteristics of Nanocrystalline Apatites: Effeft Mg Surface Enrichment on Morphology,
Surface Hydration Species, and Cationic Environsidrangmuir 2009;25:5647-54.

18



[15] Salviulo G, Bettinelli M, Russo U, Speghini Aodari L. Synthesis and structural
characterization of Fe(3+)-doped calcium Hydroxyaes: role of precursors and synthesis
method. J Mater Sci 2011;46:910-22.

[16] Drouet C, Carayon M-T, Combes C, Rey C. Swfanrichment of biomimetic apatites with
biologically-active ions Md{) and Srf"): A preamble to the activation of bone repair miats.
Mat Sci and Eng C-Biomimetic and Supramoleculart&ys 2008;28:1544-50.

[17] Gibson IR, Bonfield W. Preparation and Chagasttion of Magnesium/Carbonate co-
substituted Hydroxyapatites. J Mater Sci Mater id\2002;13:685-93.

[18] Stephen JA, Skakle JMS, Gibson IR. SynthesisNovel High Silicate-substituted
Hydroxyapatite by Co-substitution Mechanisms. Kexg BMater 2007; 87:330-2.

[19] Kannan S, Goetz-Neunhoeffer F, Neubauer J BinTorres PMC, Ferreira JMF. Synthesis
and structural characterization of strontium- andignmesium-co-substituted beta-tricalcium
phosphate. Acta Biomater. 2010;6:571-6.

[20] Laurencin D, Almora-Barrios N, de Leeuw NH, réa@s C, Bonhomme C, Mauri F,
Chrzanowski W, Knowles JC, Newport RJ, Wong A, Gatsmith ME. Magnesium incorporation
into Hydroxyapatite. Biomaterials 2011;32:1826-37.

[21] Nielsen SP. The biological role of strontiuBone 2004;35:583-8.

[22] Canalis E, Hott M, Deloffre P, Tsouderos Y, fi¢aPJ. The divalent strontium salt S12911
enhances bone cell replication and bone formatiositio. Bone 1996;18:517-23.

[23] Buehler J, Chappuis P, Saffar JL, Tsoudero¥ignery A. Strontium ranelate inhibits bone
resorption while maintaining bone formation in als bone in monkeys (Macaca fascicularis).
Bone 2001;29:176-9.

[24] Kolmas J, Jaklewicz A, Zima A, Bucko M, Pasakicz Z, Lis J, Slosarczyk A, Kolodziejski
W. Incorporation of carbonate and magnesium iobts synthetic Hydroxyapatite: The effect on
physicochemical properties. J Mol Struct 2011;968758.

[25] Suchanek WL, Byrappa K, Shuk P, Riman RE, davi, TenHuisen KS. Preparation of
magnesium-substituted Hydroxyapatite powders by rtfezhanochemical-hydrothermal method.
Biomaterials 2004;25:4647-57.

[26] Bertinetti L, Tampieri A, Landi E, Martra G,olliccia S. Punctual investigation of surface
sites of HA and magnesium-HA. J Eur Ceram Soc Zi®887-91.

[27] Landi, E., Logroscino, G., Proietti, L., Tamp, A., Sandri, M., Sprio, S. Biomimetic Mg-

substituted hydroxyapatite: From synthesis to iovbehavior. J Mater Sci Mater in Med.
2008;19:239-247.

[28] PCPFWIN 2.3. JCPDS International center fdfraction data, 637 Swarthmore 2002.

19



[29] Landi E, Tampieri A, Celotti G, Sprio S. Defisation behaviour and mechanisms of
synthetic Hydroxyapatites. J Eur Ceram Soc 200Q:207-82.

[30] Larson A, Von Dreele R. General structure gsial system (GSAS), 1994.
[31] Toby B. EXPGUI, a graphical user interface @BAS. J. Appl. Crystallogr. 2001;34:210-9.
[32] Sudarsanan K, Young RA. Acta Crystallogr. 8et969;25:1534-9.

[33] Dickens B, Schroeder L, Brown W. Crystallognap studies of the role of Mg as a
stabilizing impurity in Cg(PQy).. The crystal structure of pure 4RO,),. J Solid State Chem
1974;10:232-48.

[34] Brunauer S, Emmett PH, Teller E. Adsorptiongafses in multimolecular layers. J Am
Chem Soc 1938;60:309-19.

[35] Ren F. Synthesis, characterization and abioindimulation of magnesium-substituted
Hydroxyapatite. Acta Biomater. 2010;6:2787-96.

[36] Yasukawa A, Ouchi S, Kandori K, Ishikawa T.eParation and characterization of
magnesium-calcium Hydroxyapatites. J. Mater. Ch88616:1401-5.

[37] Aminzadeh A. Fluorescence bands in the FT-Ramgectra of some calcium minerals.
Spectrochimica Acta Part a-Molecular and Biomolac@pectroscopy 1997;53:693-7.

[38] Silva CC, Sombra ASB. Raman spectroscopy nreasents of Hydroxyapatite obtained by
mechanical alloying. J. Phys and Chem. of Solid¥285:1031-3.

[39] O'Donnell MD, Fredholm Y, de Rouffignac A, HIRG. Structural analysis of a series of
strontium-substituted apatites. Acta Biomater. 20(8155-64.

[40] Paderni S, Terzi S, Amendola L. Major boneet¢treatment with an osteoconductive bone
substitute. La Chirurgia degli organi di movime&@09;93:89-96.

[41] Lu X, Li S, Zhang J, Zhang Z, Lu B, Bu H, Li,Cheng J. Biocompatibility of HA/TCP
biphasic ceramics with co-cultured human osteobliastitro. J Biomed Eng 2001;18:497-9.

[42] Macchetta A, Turner IG, Bowen CR. FabricatimhHA/TCP scaffolds with a graded and
porous structure using a camphene-based freezegastthod. Acta Biomater. 2009;5:1319-27.

[43] Arinzeh TL, Tran T, McAlary J, Daculsi G. A owarative study of biphasic calcium
phosphate ceramics for human mesenchymal stenmndeited bone formation. Biomaterials
2005;26:3631-8.

[44] Yuan H, Fernandes H, Habibovic P. Osteoindctieramics as a synthetic alternative to
autologous bone grafting. Proceedings of the Natidiwademy of Sciences of the United States of
America (PNAS) 2010;107:13614-9.

20



Table 1: Molar concentrations of reactants and metal/phasghmolar ratios

Molar concentration of reactants (Cat+X)/P

Desired composition molar ratio
Ca(OH), | H3PO, | Sr(NO3), MgCl,BH,0 (X = Mg and/or Sr)

Cayo(POs)s(OH), 0.100 0.06 - - 1.67
Ca dMdo.1(POy)s(OH), 0.099 0.06 - 0.001 1.67
CaysMgo.5(POs)s(OH), 0.095 0.06 - 0.005 1.67
CayMgs(POy)s(OH), 0.090 0.06 - 0.010 1.67
CayMdo.1S10.o(POy)s(OH), | 0.090 0.06 0.009 0.001 1.67
CayMdo.5S10.5(POy)s(OH), | 0.090 0.06 0.005 0.005 1.67
CaMgo 1St o(POy)s(OH), | 0.080 0.06 0.019 0.001 1.67
CaMgo.sSh s(POy)s(OH), | 0.080 0.06 0.015 0.005 1.67
CaMg1Sh(PQy)s(OH), 0.080 0.06 0.010 0.010 1.67

21



Table 2.Data obtained by XRPD analysis

Samples Phases*| Intensity | d[A] Position [°20] | Crystallinity HA/B-TCP |a=b[A]** |c[A]*
[counts] | (1121) (l121) Degree of HA | ratio
Xc [% + 4]
Cayo(POy)s(OH), HA 7806 2.82 31.77 96 - 9.422(3) | 6.880(5)
Cao.oMgo (POn)s(OH), HA 6555 2.82 31.77 94 - 9.421(2) | 6.878(5)
Ca sMgo.{(POy)s(OH), HA 5181 2.83 31.63 93 0.74/0.26 | 9.437(3) |6.870(4)
B-TCP 1827 2.87 31.14 10.346(1) 37.162(3)
CaMg:(POy)e(OH), HA 2991 2.80 31.98 89 0.48/0.52 |9.423(2) |6.877(3)
B-TCP 3279 2.84 31.52 10.360(2) 37.174(5)
CaMgo1Slho(PO)s(OH), | HA 7356 2.84 31.53 91 0.81/0.19 | 9.501(4)]  6.840(5)
B-TCP 1682 2.86 30.85 10.377(3) 37.167(3)
CaMgosSlos(POs)s(OH), | HA 4785 2.85 31.37 80 0.94/0.06 |9.463(5) |6.911(5)
B-TCP | 281 2.88 31.01 10.440(1)| 37.635(6)
CaMgo.Sh o(PO)s(OH), | HA 4166 2.84 31.44 80 0.74/0.26 | 9.493(4)]  6.924(4)
B-TCP 1427 2.92 30.63 10.495(2) 37.846(5)
CaMgosSrs(POs)s(OH), | HA 2058 2.85 31.35 73 0.54/0.46 | 9.489(2) | 6.905(2)
B-TCP | 2495 2.89 30.94 10.463(1)| 37.332(3)
CaMg1Sr(POy)s(OH), HA 2732 2.85 31.44 68 0.46/0.54 |9.510(3) | 6.889(4)
B-TCP | 3176 2.88 31.03 10.409(2)]  37.385(3)

*The structure model of these phases has beenfosdte Rietveld refinement

**Theoretical values for HA anf-TCP are, respectivelya =b = 9.424(4) [A],c= 6.879(4) [A] anda=b= 10.429(2) [A],c=37.380(3) [A]
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Table 3.Specific surface area (SSA) and porosity dataa@sorption at 77 K) of all synthesized

samplesp-Ca(PQy).is reported as a reference

Samples SSA | t-plot micropore area

Q) (m?lg)

Cao(POy)s(OH): 73 3.4
B-Ca(POy)2 125 /

Ca.9Mgo.1(POr)s(OH), 96 2.4

Cay sMgo.s(PQy)s(OH). 107 2.3

CaMgi1(POy)s(OH), 124 2.5

CaMgo.1S10.9(POs)e(OH), 85 8.9
CayMgo 5Sh.5(POs)s(OH)2 96 /

CaMQo.1Sr1.o(POs)s(OH), 76 2.2

CaMgo 5Sn 5(POy)s(OH)2 98 2.4

CasMg:Sh(PQ,)s(OH), 107 2.4
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Table 4.Main Raman band positions and assignments of HA

Band positions (cm")

Band assignments

1030 B typevy CO5”
Nondegenerate symmetric stretching

vz PO

1000 P-O bondsaintisymmetric stretching
vibrations
vi PO

910 P-O bondsymmetric stretching
vibrations

534 ve PO

O-P-O symmetric bending
390 v2 PO

O-P-O symmetric bending
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Table 5. Presence or absence (denotedvbyr x, respectively) of the different phosphateug®
typical of HA and TCP phases for all the synthesizeabstituted HA samples as determined by
ATR spectroscopy

Samples PQ* v, PO, vs PO v,
(953 cnt) (1090, 1012 cif) (628, 602, 563 cih
Cayo(POy)s(OH): v vV N2
Cay.Mgo.1(POy)6(OH) v vV v
(broad)
Ca sMgo.s(PQy)s(OH), v vV VvV
(broad)
CaMg1(POy)s(OH):2 v v (broad)v’ v (broad)v' v’
(broad)
CaMgo.1Srh.o(POy)s(OH)2 v v v (broad)v'v’
CaMgo.5S1h.5(POw)s(OH), v v Xv'v
CaMgo.1Sr of(POy)s(OH)2 v vV xv'v
CaMQgo 5Sr 5(PO)s(OH)2 v v (broad)v Xv'v’
(broad)
CaMg1Sn(PQy)s(OH), v v (broad)v’ xv'v
(broad)
a-Ca(PQy): v XV’ XV
(broad)
B-Ca(PQy)2 v XV’ XV vV
(broad)
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Figure 1. XRD patterns of all samples
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Figure 2. XRD patterns of Ca;o(PO4)s(OH)2 (-); CagsMgo.s(PO4)s(OH)2 (-);
CagMgo5Sro5(PO4)s(OH), (-). Intensity is reported in arbitrary units. Patterns have been y-axis
shifted for display purposes. Inset: Details in the 30.5 - 33.5°2 6 range and |,oo peaks of HAP (*)

and B-TCP ()
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Figure 3. SEM micrographs of the investigated samples and correspondent molar ratio derived

from EDS analysis.
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Figure 4. Section A. Raman Spectra of pure and Mg**-substituted HA samples in the spectral
range of 1100-300 cm™. Spectrum (a) Cayo(PO4)s(OH),; Spectrum (b) Cag sMgo 1(PO4)s(OH)2;
Spectrum (c) CagsMgos(PO4)s(OH),; Spectrum (d) CagMg;(PO,4)s(OH),. Inserted reference
materials: Spectrum (1) a-Caz(PO,),, Spectrum (2) 3-Cas(PO,),. Section B. Spectral

deconvolutions in the spectral range of 940-880 cm™ carried out on the following samples: (a)

Cay9(PO4)s(OH),; (b) CagogMgo.1(PO4)s(OH),; (€) CagsMgos(PO4)s(OH)2; (d) CagMg:1(PO4)s(OH)s.

Inserted reference material: Spectrum (2) B-Caz(POy)..
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Figure 5. Section A. Raman Spectra of pure and Sr**—and Mg**-co-substituted HA samples in the
spectral range of 1100-300 cm™. Spectrum (a) Cayo(PO.)s(OH),;  Spectrum (b)
CagMgo.1Sro.9(PO4)s(OH)y; Spectrum (© CagMgo5Sros(PO4)s(OH)y; Spectrum (d)
CagMgo.1Sr1.9(PO,4)s(OH)y; Spectrum (e) CagMgosSr15(PO4)e(OH)2; Spectrum )
CagMg:Sri(PO4)s(OH),. Inserted reference materials: Spectrum (1) a-Caz(POy),, Spectrum (2) -
Caz(PO,), Section B. Spectral deconvolutions in the spectral range of 940-880 cm™ carried out on

the pure and substituted HA samples.
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Figure 6. Section A. ATR Spectra of pure and Mg?*-substituted HA samples in the spectral range
of 1200-400 cm™. Spectrum (a) Cayo(PO.)s(OH)2; Spectrum (b) CaggMgo1(PO.)s(OH)2; Spectrum
(c) CagsMgos(PO4)e(OH),; Spectrum (d) CagMgi(PO,)s(OH),. Inserted reference materials:
Spectrum (1) a-Cas(POy,),, Spectrum (2) B-Cas(PO,),. Section B. Spectral deconvolutions in the
spectral range of 650-525 cm™ carried out on the following samples: (a) Caio(PO4)s(OH),; (b)
CagMg;(PO4)s(OH),. Inserted reference material: Spectrum (2) B-Caz(PO,).
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Figure 7. ATR Spectra of pure and Sr**- and Mg?*- co-substituted HA materials in the spectral
range of 1200-400 cm™. Spectrum (a) Cayo(PO.)s(OH)2; Spectrum (b) CagMgo1Sro.o(POL)s(OH)z;
Spectrum (c) CagMgosSros(PO4)s(OH),; Spectrum (d) CagMdo 1Sri9(PO4)s(OH),; Spectrum (e)
CagMgosSr15(PO4)s(OH),; Spectrum (f) CagMg;Sri(PO,4)e(OH),. Inserted reference materials:
Spectrum (1) a-Cas(POy,),, Spectrum (2) B-Cas(PO,),. Section B. Spectral deconvolutions in the
spectral range of 650-525 cm™ carried out on the following samples: (a) Caio(PO.)s(OH),; (c)
CagMgo5Sro.5(PO4)s(OH),; (f) CagMg:Sri(PO4)s(OH),. Inserted reference material: Spectrum (2) (-
Cas(PO,),.
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